Abstract. To further explore the conditions and mechanisms of generating uniform plasma in the flowing gas at atmospheric pressure, the dielectric barrier discharge (DBD) characteristics of the flowing helium, helium/oxygen mixture and the helium/methane mixture were studied at atmospheric pressure in this paper. A coaxial cylindrical double air gap structure was researched by discharge experiment at atmospheric pressure, using a high frequency and high voltage AC power source at a flow rate of 4 L/min. The discharge current is recorded by camera, the waveforms of current and voltage are recorded by oscilloscope. The discharge patterns and evolution processes of different gases in this structure were analyzed. The experimental results show that the helium can achieve uniform discharge in the structure with the frequency of 12kHz and the voltage of 1-2kV. The discharge pattern is glow discharge. Discharge forms of Helium/methane mixture and helium/oxygen mixture were filament discharge. The current waveform has obvious asymmetry in the positive and negative half cycles. The discharge mainly occurs in the positive half cycle, and the asymmetry gradually decreases with the increase of the voltage.
Introduction
Generating uniform plasma on large areas is not only a quantitative basis for the study of plasma research, but also the premise of large-scale practical application of plasma technology [1] . In the current study, the plasma was mostly produced by gas discharge. It is easy to achieve uniform discharge at low pressure. With the increase of air pressure, the average free path between gas molecules becomes shorter, the stability of discharge decreases gradually, and even discharge is more difficult to realize [2] . In the flowing gas, it is more difficult to produce uniform plasma discharge due to factors such as particle distribution change and accelerated heat dissipation [1] . Therefore, generating stable and uniform plasma in the flow gas at atmospheric pressure is a major problem in this field.
Dielectric barrier discharge (DBD) is a gas discharge with an insulating medium placed in the discharge space [3] , prone to produce non-equilibrium plasma at atmospheric pressure, because it does not require vacuum system, can continuously process the material, greatly reduce the cost, has been widely used in the film growth, Material modification, disinfection and sterilization industries [4] . The insulating medium usually has two types which are covered on the electrode (single air gap) or suspended in the discharge space (double air gap). The electrode and air gap structure may be of different types such as a planar or coaxial cylindrical shape [5] . The study of atmospheric pressure DBD with planar shape, the dielectric coverage of the electrode surface is more extensive [6, 7] . I. Radu group achieved the spot discharge and glow discharge conversion through experiment in helium, neon, argon and other inert gas [8] . Luo Haiyun of Tsinghua University studied the discharge mode, evolution process and discharge mechanism of the atmospheric DBD with planar electrode [9] .
In this paper, a novel coaxial cylindrical double-gap DBD structure is used to investigate the gas discharge characteristics of flowing helium, helium/oxygen mixture and helium/methane mixture at atmospheric pressure. The discharge pattern of the different gas under this structure is analyzed by recording the current voltage waveform and the discharge image.
Experiment System
The experimental system mainly includes DBD reactor, high frequency high voltage AC power supply, voltage and current measurement equipment and optical measuring equipment four parts. The experimental system is shown in Figure 1 . The DBD reactor used in the experiment was a coaxial cylindrical structure with two discharge air gaps, as shown in Figure 2 and Figure 3 The reactor is mainly composed of external electrode, internal electrode, insulating medium (quartz tube). The copper tube and the internal quartz tube form a coaxial pipe, the external electrode (negative) is the outermost copper tube, the internal electrode (positive) is the copper rod, placed in the quartz tube coaxial tube center. The first gas discharge gap is between the quartz tube and copper needle, the second gas discharge gap is between the quartz tube and copper pipe. The inside diameter of copper tube D1 = 27mm; the outside diameter of quartz tube D2 = 22mm, inside diameter D3 = 20mm, the wall thickness is 1mm; the diameter of copper rod is 1.5mm, the length is 100mm. In the experiment, the air flow through the discharge area is punctured to produce non-equilibrium plasma. The DBD reactor is shown in Figure 4 . The high-voltage power supply used in the experiment is produced by Nanjing Suman Electronic Co., Ltd. Model: CTP-2000K, the frequency range of the power supply is 1kHz ~ 100kHz, the frequency adjustable range is 30%, the output voltage is 0 ~ 30kV. The voltage and current are measured by high voltage probe and current transformer. The high voltage probe is produced by Tektronix Company in the United States. The rise time is 14ns, the bandwidth is 75MHz, the maximum input voltage is 20kV and the single pulse peak is 40kV. The collected current and voltage signals are displayed by the oscilloscope. The oscilloscope is manufactured by Tektronix in the United States and has four optional channels for the acquisition of dynamic signals. The oscilloscope has a bandwidth of 500MHz and a sampling frequency of 5.0GS/s. The discharge direct image is recorded by a digital camera.
Results and Analysis

Atmospheric Pressure Helium DBD Characteristics
Using the experimental system, the helium DBD experiment was carried out at atmospheric pressure. Helium passed through the two pipes inside and outside the coaxial tube and was controlled by the flowmeter to form a stable air flow. The helium flow rate was 4L / min. The helium was high purity (purity 99.999%). Adjust the high-frequency high-voltage AC power supply, fixed discharge frequency around 12kHz, adjust the transformer to change the voltage applied to the DBD reactor. The voltage which is measured by the high-voltage probe gradually increased from 0. The measured voltage is the applied voltage between the two electrodes, rather than the voltage on the gas. The current transformer measured the current, and the digital oscilloscope recorded and saved the current and voltage waveform. The discharge morphology and evolution process is recorded by camera. Images are shown in Figure 5 , voltage and current curves are shown in Figure 6 . The pictures and waveforms are recorded in the same voltage range As the image showing, discharge issue bright purple glow, evenly covering the entire electrode and quartz media. In the radial direction from the positive (tube axis) to the negative (tube wall) has a significant stratification phenomenon. As the voltage increases, the brightness of the glow increases. There is no flashing discharge filaments in the tube, indicating that the discharge is uniform in space.
The current and voltage waveforms show that the voltage changes substantially in the form of a sinusoidal curve during one discharge period, and the waveform of the current is expressed as one or several wide pulses. This indicates that when the breakdown occurs, it is in a large area at the same time. This is essentially different with the filament discharge at atmospheric pressure. The current pulse behaves as a significant asymmetry. In the positive half cycle, the current appears with a larger pulse and there is none in the negative half cycle. As the applied voltage increases, the pulse current increases and appears earlier at the positive half cycle, and it is gradually changed from an initial single large pulse to one large followed by one or two small pulse. Pulse current does not appear at the negative half cycle but the current amplitude increases significantly closer to the sine form.
The half-cycle voltage and current waveforms conform to the typical current-voltage form of glow discharge. Considering the uniformity of the discharge of the direct image reaction, it is judged that the atmospheric pressure coaxial DBD is in the form of glow discharge. The current asymmetry of the current and voltage waveforms in the positive and negative half cycles shows a significant difference with the conventional flat and the coaxial DBD of the single discharge gap, which may due to the special structure of the discharge reactor. In this structure, the gap between the outer electrode and the quartz medium is 3.5 mm, and the gap between the internal electrode and the quartz medium is 9 mm, so that the magnitude of the field strength of the discharge air gap is quite different, and the negative half cycle does not have the pulse current appear.
Atmospheric Pressure Mixed Helium/Methane DBD Characteristics
The DBD experiment was carried out on the mixture of helium and methane at atmospheric pressure. The helium flow through the outer gap at the rate of 4L / min, the helium and methane mixture flow through the inside gap, where the flow rate of helium was 3L / min and the flow rate of methane was 1L / min, the volume fraction of methane is 25%, helium volume fraction is 75%. The purity of methane is 99.97%. The discharge frequency is 12 kHz. The discharge image and the current voltage waveform are shown in Figure. As the images showing, the DBD of the helium / methane mixture is significantly different from that of the pure helium, showing a typical filamentous discharge. When the applied voltage is lower than the breakdown voltage, the reactor does not emit light and does not sound. When the voltage increases to a certain value, it can be observed that a large number of current filament channels appear between the rod electrode and the wall electrode, the discharge filament is very unstable, the large number of filaments are irregularly bouncing, with violent discharge sound. When the voltage is low, the discharge filament channel is mainly concentrated in a fan-shaped area, (as shown in Figure 7 -a, 7-b); with the increase in voltage, the number of discharge filament channels increased (Figure 7-c) , gradually filled the entire tube when the voltage reaches a certain value (Figure 7-d) . As well, the luminous intensity of the plasma increases significantly. The color of the plasma on two sides of quartz tube are different, the plasma inside the quartz tube was blue-violet. The reason is that the type of plasma excited by the helium / methane mixture is different from that of pure helium.
When the voltage does not reach the breakdown voltage, the voltage and current are smooth sine curve, no micro-discharge appears (Figure 8-a) . When the voltage increases to a certain value, narrow pulse with a width of only a few microseconds appears on the current waveform. The pulse current is periodically pronounced once in one cycle. (See Figure 8- b) It can be seen from the current waveform that there is a pulsed current when the voltage changes from 0 to the maximum value (peak), and there is none when the voltage changes from a peak to a valley. So, the discharge occurs only in the positive half cycle.
As the applied voltage increasing, as shown in Figure 8 -c, the pulse current increases significantly, and pulse value reaches a maximum of about 4A on the positive half cycle. The number of current pulses increased, the overall performance is a current pulse group composition of a large number of clutter, short time pulses. The time width of the current pulse group is greater, about 20 µs. The increasing number of current pulses corresponds to the increasing number of discharge filaments, micro-discharges occurs on a larger space and more position ( Figure. 7-c, 7-d) . The current curve also has a certain bulge in the negative half cycle, but the amplitude of the protrusion is very different from the current pulse of the positive half cycle, that is, the asymmetry is still obvious. As the voltage continues to increase, as shown in Figure 8 -d, the protrusions of the negative half-cycle of the current curve become very pronounced, showing a strong sinusoidal characteristic or a superposition state of the sine waveform and the pulse waveform.
Atmospheric Pressure Helium / O 2 Mixture DBD Characteristics
The DBD experiment was carried out on the mixture of helium and O 2 at atmospheric pressure. The He flow through the outer gap at the rate of 4L / min, the He and O 2 mixture flow through the inside gap, where the flow rate of helium was 3L / min and the flow rate of methane was 1L / min, the volume fraction of O 2 is 25%, He volume fraction is 75%. The purity of O 2 is 99.999%. The discharge frequency is 12 kHz. The image and the current voltage waveform are shown in Figure 9 and Figure  10 . Similar to the helium / methane mixture, the helium / oxygen mixture DBD exhibits a typical filamentous discharge. Figure 9 -a captures the state in which only one discharge filament channel appears. Figs. 9-b to 9-d show that the number of current filament channels increases and the discharge area (fan-shaped) gradually increases as the voltage increases, finally fills the entire area. Repeated experiments found the position that the discharge filament first appeared in is almost fixed. This may due to the fact that the internal electrode (positive) is not strictly at the center of the copper tube, and the fine deviation of the electrode in the space makes the electric field uniform in the circumferential direction, and the field strength near the bottom is greater and easier to breakdown. The plasma color of the mixture is blue and white, which is significantly different from that of helium (purple) and helium/methane (blue violet) plasma.
The current waveforms of the helium/oxygen mixture ( Figure 10 ) is similar to that of the helium/ methane mixture. It shows that there are obvious pulse current groups appearing every half cycle. The width of the pulse group increases with the voltage increasing, and the waveform is the sine curve characteristics gradually. The difference is that as the voltage rises, both positive and negative half cycles have pulsed current groups appearing, and the positive and negative half cycles are almost symmetrical. In addition, the voltage for breakdown is higher, about 5 kV. The enhancement of the symmetry may be related to the increase in voltage. The higher the voltage, the stronger the symmetry (d) (a) of the current waveform, which is consistent with the trend of the experimental results of the other two gases.
Conclusion
(1) Flowing He at atmospheric pressure in the double air gap coaxial DBD structure, using of high-frequency high-voltage AC power to stimulate, can achieve uniform discharge. The glow uniformly covers the surface of the electrode, and the current waveform is a wide pulse that occurs in the positive half cycle, conforming to glow discharge. But positive and negative half cycle has a strong asymmetry, and there are significant differences with flat and single air gap coaxial DBD.
(2) The discharge of helium/methane and helium/oxygen mixtures flowing at atmospheric pressure in the discharge structure is filamentous discharge. As the voltage increases, the number of discharge filaments increases and finally fill the discharge area. The current waveform has obvious asymmetry in the positive and negative half cycles. The discharge mainly occurs in the positive half cycle, and the asymmetry gradually decreases with the increase of the voltage.
